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Cfll^PTlR 1 


INTPpDUCTIOK 

Austftnifcic 8tal&l»S3 st«#ls hav« b«»n put to u»* 
iid tt umOmr of plaoes. It fi&ds U8«ful app3.ioatio& as 
natoriaX for fu*! ca&al&g astd in. mome oompoBvnts 

ia poturor aliatioaa. Th« vast utility of this inat^rial 
is attributad ataialy to its inprouad high tamparatur# 
propartias . 

Staadard aust<*aitic staialass steals coiabiaa 
adaquata corrosioa rasistaaca with ductility so that tha 
staal can raadily ba foriaad. Although tha strangth cab ba 
oonsidarably incraasad by cold ti^rklng, ductility bacomas 
too low to allow fabrication and tha inprovad mechanical 
propartias cannot be ratainad at alavatad tamperaturas. 

Bafinasiants hava baen brought about to improva 
tha propartias of austanitic stalnlass staals. Addition 
of niobiun has indicatad a marked improyanant in high 
tas^aratura craap propartias. A further improyamant has 
baan mada by the addition of titaniixm (Zryina at. al. 1961} 
to produce pracipitation hardanad alloys in which partiolas 
of Kti^Ti phases are pracipitatad. Tha addition of titanium 
in oartain quantities to austanitic stalnlass staals also 
helps to raduca astorlttlamant of tha cr phase. 
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Th# Iron. - Kick**I ~ Chroin t tUR - Titanium 8ygt<»CT 

h 43«t«il«d stculy of th« 0 yBt»n w«a doa« by 
BattarsXay aad Bmwi - Bothery (1965} • Th« additios of 
titanium to stainlAss atoaXs is usually mad* to fix carbon 
and so avoid soscftpilblllty to intargranular corrosion 
roaulting frcm chromium carbid# pr#ol pi ta ti on at grains 
boundaries during certain hast treatments. Usually the 
titanium content in stabilised stainless steels is not less 
than five times the carbon percentage, but even so, it 
remains veil within fhe solubility limit in that no additional 
phases of the Pe-Hi~Cr-Ti systems are formed by Tl la excess 
of that required to ccmd&ine with carbon and nitrogen. When 
titanium is added deliberately to the extent that the 
solubility limit la exceeded, formation of Ni^Ti precipitates 
on aging have been reported (Irvine et. al. 1961} in a 
steel containing 25% nickel, 15% chromivra and around 3.5% 
titanium* 

The hardening mechanism in these alloys is 
associated with the precipitation of an fee precipitate baaed 
on the 'if’-HljTi. This precipitate is found to occur at 
peak hardness in all these alloys* d^ibalisin and Decker 1960} . 
^ feature of the t* precipitate is that it is formed at 
very early aging times (Sllcock and williams 1966} . The 
maximum response to aging for a given volume fraction of 
precipitate was a function of the misfit between the mntrix 
and ’{ , { im not necessarily the equilibrium precipitate, but 
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is g^joerally forroad at an int#CTR«‘diat^ stag^* in th» aqlng 
process. The precipitation process in these steels is 
usually (Blackburn 1961) 

Matrix — ^ zones — ^ ^ *quilibriu» precipitate 

TElie morphology of Hl^Tl was found to depend on the aging 
tester ature ; a cellular precipitate being produced at 
teaf>eratures upto 800*C and a Ifidiaanstatten precipitate 
aboee the teaqperature . 

In austenitic stainless s^els containing titanium, 
it has been shown that the overaging can be rapid due to the 
formation of a cellular precipitate of cph NijTl when 
titanium exceeds 3%. Steels containing less than 3% titanium 
show spherical precipitates of the form of NljTl which 
only transforms to hexagonal NI 3 TI very slowly in these 
steels. The growth of precipitates Is diffusion controlled 
(Clark and Pickering 1967) and the particle size increases 
with time at any given aging temperatur* according to a 
relation of the form 

D « Q t® + C (1) 

where D is the diameter of the precipitate in angsl^rom 
units, t is the time, Q and n are constants. 
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Scop* ef th« pr»a<*at vor k . 

Xo tb# prttsftat work th« tonsil* yl«ld bohavior in 
a precipitation hardanabla anstanitlo stainless stool 
containing "i pracipltstos has beeo prodictod on th# basis 
of a modal. Tho modal has baan axtandad to assess the 
creep rataa, Tbs ordsr of the stresses in these materials 
and their work “hardening behaviour have been studied. The 
nature of dislocation movement has also been Investigated. 



CHJ'PTEP 2 


MATERIM.S AND METHODS 


2.1 SaiqE»l« Preparation: 

Plat tensile samples of 0,5 cm x 0,06 cm cross- 
section and <ra«g* length of 2.0 cm w»re pr^parsred from an 
alloy of C£» 8 p 0 sltion 24,4% Ni, 17.3% Cr, X.96% Ti, 0.035% C, 
0.018% N, 0.19% Si, 0.034% Mn, balance Fe. TTie samples were 
vaoutim sealed in quarts tubes and solution treated at 
1150*C for 3 hours followed by a rapid quench in water. 
Samples were then wacuum sealed in separate quartz tubes 
and were subjected to treatments to obtain different 
volume fractions and prefeipltat* size (Table 1) . 

2.2 Experimental Methods: 

Tests were conducted to measure the yield stress, 
internal stress, effective staress and work hardening rate. 

One teat was performed to find the strain rate sensitivity. 
The individual testa are detailed below, 

2.2.1 Stress Relsxation Techniques t 

The stress relaxation experiments, due to Noble and 
Bull (1964) , were performed to evaluate the effective and 
internal stresses la these materials. It was first suggested 
by Seeger (1957) that the shear stress for yield or flow of 
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TmLE I 


Jb££«<3t of agifig treatsieot oa procipitat* iiiaa and 

volume fraction 


Aging 

Tamparature 

(•C) 

Voluma 

Fraction 

Aging 

Tima 
(Hour a) 

Mean Precipitate 
Radius (A*) 

€75 

0*035 

5 

12.9 



20 

20.4 



125 

37.4 



550 

61.8 

725 

0*02 

4 

25 



8 

35 



30 

60 



200 

110 

750 

0.018 

10 

75 


0.018 

1000 

230 
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a wfftal, could b« consld#r<*d to consist: ^'of two componsnts; 
oa« an «th«mal coiRpon<»nt wiich dapanda on twnparattuta 

only through th» shear nodulus /*■ , and th« other the therwal 
component x . which depends on temperature T and strain 
rate H, 

% 't* in, i ) * T ^ ( 2 ) 

®he separation of ^ * from the total flow stress ‘Tl is 

usually acoos^anied by Bteasuring t at various temperatures 

upto a sufficiently high temperature above which all 

short range obstacles are transparent to dislocations 
# 

(i.e. ‘Z •0). The total applied stress is then applied 
solely to overcoming the long range stress field. 

The above method is reasonably accurate and has 
been successfully employed in several investigations. But 
it is doubtful whether this method can be extended 
indisorisiinately for studying thermally activated deformation 
in metals and alloys containing metastable obstacles. The 

I 

method would obviously fail if the metastable structure 
changes to a stabler structure below T^ where T is usually 
evaluated. To overcome this difficulty stress relaxation 
techniques have been used (Rodrigues If 68) . 

When a tensile test is Interrupted, stress 
relaxation occurs since plastic deformation continues to 
take place as long as the applied stress is sufficiently 
high for the dislocations to move. Since the total strain 
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is conutafit. th# plastic strain that occurs during 
ralaxation is matched by an elastic strain 1,«. 
d«. 


^I!e ._r:i .-i_ar 

dt dt E at 


(3) 


wham M is th« ooxd>ined elastic nodulus of the specimen 
and the machine and o' is the tensile stress* j^8 the 
plastic strain rate is governed by th»» therf'ai coaponent 
of stress, g~ , stress relaxation occurs at a progressively 
decreasing rate and well practically be unobservable when 
'X ^ is approached, as shown In Pig. il ) . Thus this 
technique was adopted to find the internal and effectlw 
stresses at different strains. 


2.2.2 Strain rate cycling tests: 

The strain rate cycling technique (Michalat 1965) , 
is an alternate sM^thod employed to differentiate between 
the applied and the effective stressesaeting on the 
dislocations. This has been wad# possible by the application 
of the Johnston ■" Gilman (1959) velocity-stress relationship 
to the results. Based on experiments in which the average 
velocity of the dislocations have been measured by etch- 
pitting techniques (Johnston and Gilman 1959 and others) 

the velocity stress relationship is given by 

* 

-- ^ 

where v is the average velocity, 'Z the effective shear 

ik 

stress and m is the dislocation velocity-stress exponent 



STRESS 



FIG.l TYPICAL STRESS-STRAIN AND STRESS RELAX- 
ATION CURVES. 


which t« characteristic nf the material aad dependeat 
o» temperature. Slac# the shear straio rate i» giwa by 
(Orowaa 1S40) 

^ P b V (5) 


where p i» the density of mobile dislocations, and b the 
larger# vector. It follow# that 

i « p b (6) 


If it Is assumed that the density of mobile dislocations 
does not change daring a given change In strain rat# and 
there is no change in the dislocation structure daring 
the change, then 


^la'i 

^InT* 


m 


(7) 


at constant teii^eratare and any strain. These assumptions 
are reasonable If the change in strain rate is not too 
great. It follows from ega. (7) that 


n:: 


In 


In 


n:J e bfc 




iy In ■ 


<81 


where ‘X ^ effective stress st strain rate ^2 

the change in applied stress resulting from a change 
la strain rate. Solving ega, (8) for gives 

nr* « ii 


(9) 
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slue# th# #£f«ctiv# «tr#ss is fiv#a by 

T* - T j ■ (10) 

%rb«r* T is th« applied stxsss and n: ^ la thm iatsrasl 
strsss, it follows that 

<3l1) 

ieh9 strala dapaadsac* of aad C^'Z aaiy ba obtaiaad fro» 
aoiriKBl taasila aad atraia rata cyolia^. l^uatioos (10) 
aad (11) ara applioabla oa th* assaaiptioas that th« Johastoa- 
Cilmia r«latioB is valid throwhout th* doforamtioa aad 
that m* is iad«ps&d«Bt of straia. 

A # 

Th* vain* of m r«qair«d to •valaat* ni sad 
from straia rat* cyoliag raaolts aooordiaq to «qa. (11) « 
is b*st obtainad frcHs diract m*asur*aM»at8 of dislocatioa 
valocity by «tch pittiaq. lULt*raat*ly »* could also b* 
c^taiaod from straia rat* cyoliaq (dohaatoa aad St*ia 19€3) . 
Xt was shows by th«m that 

£iila 

m • (12) 

6.I0 ^ 

wh«r« 'i ia th* sh«ar straia rat* aad ‘X th* appliad strass. 
n iacr*aa*a with straia amd a caa b* obtaia^d by •atra-* 
polatiaq to s*ro straia oa a plot of n vs straia sooh that 

«* • £ iila'^ / £ila n:*) » £ 6.1a'^ / i^la'T^ 
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2.2.3 itork hardtnlng ratas: 

Th9S0 w 0 rm obtatisad from aithar th« *tr#‘R« 
r«Iaxatioa or strain rat« cycling tmsta and no saparat* 
t«8t was coadactad for work hardanlag rataa or work hsrdaaiag 
iad«x. 


2 ,2. 4 Strain Sat# Ssasitivityi 

Strain rate aaaaitivlty t#ckBlqu# was originally 
proposed by Gaard (1961} to avalaat# th* 8tr«»ss d#p#nd#Bc# of 
th# dialocatioa valocity. ft»lB awthod coosiatn of rapidly 
changing th# strain rat# daring a nonaal tonsil# t*st and 
obsonrlng th# chaag«s in atr#sa that r#sult. Th# rat# 
a#aaitivity #3tpoa#nt r »ay b# d#rlir#d from agn. (5). Taking 
iogarithias of both aid## and diff#r#ntiating with r#ap«et 
to atraaa ( g- ) 

log 4 'c)loaP h log v 

^ — (14} 

'^log 'X 's log 'Z log <r 

Th# l«ft hand aid# of th# •quatlon ia iwinal to l/r« udill# 
'B^log’v / Tilogcr ia a a»gliglfol# quantity. 

Th* atrain rat* a#»aitiwity ia obtaiavd by plotting 
-Ajrva fro* a t»aail# t#at wli#r«in a fr*<i«#at chang* ia 
th# atrain rat# ia #ff#ct#d. 



CHAPTEI? 3 


TEHSILE YIELD 


3,1 R«vi»V5 

Tt»« first to explain th# i»cr«a««d str#ii 9 th 

of mtariols with a soeoad phas# was »ad# by Orowan (1948) , 
hocordisgiy, a amchaaisn wfearaby dislocationa could by -pass 
pracipitatas withoat abaariag thaw vaa propoaad, raatilting 1» 
a dislocation loop baing la ft in glid« plana aroond 
th# pracipitat* (Fig. 2a), Tha Incraasa in yiald atrass dua 
to pracipitataa or strong diaparsions baa base tsrmsd as tbs 
Orowan stress , Clsasloal Orowae loops is fact, have bass 
obssrvsd in sswsrsl iron bass alloys (Eilsby 1966, Sisgbal and 
Martin 1948) , nicksl bass alloys and copper bass dispsrsion 
hsrdsBsd alloys (Birscb and Rna^lirsys 1970) , 

An altsrnats method of dislocation by-paas was 

propbssd by Birscb (1957) . Tbs dislocstion is considarad to 

CiliTtvb 

erofts iitp at ths pracipitats which, in tha case of an adga 
dislocation (Fig. 2b} Isawss a prisssitio loop, whilst screw 
dislocations may or nay not laawa prismatic loops (Figs. 2c and 
2d). 

To obtain a qnantitativa astimat* of tha incraass, 
it is ssssntial to calcnlsta ths local strsss T rsqnirsd to 
cans# plastic flow on s microscopic scala. in assaaca, tha 
problem is ona of calcnlating tha local strass to band ona 
dislocation bstawan a pair of obstacles and thus to by -pass 


then 




F[G.2 MECHANISMS PROPOSED FOR THE BY-PASS OF PRECIPITATES 

BY DISLOCATIONS, (a) BOWING IN THE SLIP PLANE 
(b)-(d) CROSS SLIP AT THE PREtiPITATES. 
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3.2 DislocKtloiJ Sourcf*« and Bmriag: 

Th« dlalocatiott® mow forward aiid<^r th<r applied 
«fcr#as tiXI thair fr«« motion is hlndarad by partlcla® which 
obstruct thair slip plaaas. Bet so soixrca osb oparat# 
oatil a straas is raaohad at which th« dislocations bow 
batwasn partlcias and thus by-pass th*m- ftccordino to crowan 
(1948« 19S4} th# unit st«*p la this »lcrO“ yielding is th« bsadinr? 
of a ssfRi#nt of dislocation to a radius of curvatur*^ o<^ half 
ths intarpflrticl# spacing. Th^ smgm^mt can thsn •xj^and bsyoad 
th« partiolss, thus by- passing thsm and Isairing a dislocation 
loop around aach on*. 

Tha total stress T , required to do this is roufhly 
equal to the stress required to b^ud a dislocation to a semi- 
circle of rsdius D/2, where D is the space betwees particles 
in the slip plan* through which the dinlocation bulges. D stay 
be obtained by calculating the interparticle aeparation 2P.» 
lUistming a raadom distribution of particles Clabusch) 

2R. • 1 r. (IS) 

s 2 £ * 

where f Is the wolnone fraction of the precipitates and is 
the mean particle radius. *ntus stress is 

o: !X ^ (14) 

bD 

where T is the line tension of the dislocstion and b th# 

Burgers weetor. 



Ev#» If dlfslocatioRS by-p«*ii purtlcl#* by tb* 

OrcmuA aMMShaEisn th«r« axiat oth#r oontxibatlotta to tb« 
microscopic yiaM atraas bcsidaa those considered by Oxemms. 
These cooid be due to stemic misfit, Io »9 rangm back stress 
due to misfit and positive difference in shear modulus, and 
also difference is elastic eosstasts. These usually are 
small ecaopared to the Orowan stress itself. 

3.3 fiodifications of Oroiraii*s Approach! 

la materials ia which the yield stress is controlled 
by the Orowan latohanlsm, fair agreemeat has been obtained 
between experimental values of the yield stress and those 
calculated using formulae incorporating various amdllficatloiis 
to the original Orowan equation. Significant among them 
has been that due to Birsch and Humphreys (1970) . They have 
assumed that the yield stxess is controlled by obstacles 
weaker than the particles and as a first approximation have 
added the two contributions to the yield stress ; <x due to 

the matrix and due to the particle, i.e. 

r 

^ - T + n: (17) 

p • 

This approach was also adopts by m>eling and Ashby (ISfiS) 
and Foreman and Makin (19€7). The assumption of summing the 
t%m» individual contributions is of uncertain validity. Actually 
s stress %8 needed to bow a dislocation between two 

particles, '(diich is analogous to the Prank~liead stress. 



17 


j>l8hby (X9€8} assmcid that th# dialeeatlon 

was a critical conf igcratica , raquiriag tha marimtsm applied 
strtiia ^jfeaa th« ta® ama of th« dislocation, . on '•ach 
sida of th» particla. first bacon# parallal. On this basis 
it was awggaatad that a snail forward diisplac#ro#nt of th» 
dislocatioa pulls out a dipola at «ach particl# of width 
aqoal to th« particl# diaiwtsr x, Th# critical strass 
was asaunad to b# just that capabl# of tlongating approprlat# 
dipoXas of width x spaced D apart. T'hls l#d to two «xtr#»# 
valuas for th# local str#s8 r#qoir#d for by- passing, Tp for 
«dg» and T jj for scraw wh«r# 
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wh«r« r^ is the iaaar cut off radius, G tha shaar modulus 
and a tha Poisson *8 ratio. 

IShin nodal has a basic drawback in Its asaus^tion 
that tha intaraction batwaan adjacanant bowad out loops to b# 
tha critical coaflguration. Js. slightly battar aatiwat# raay 
ba obtained if D is raplacad by B in aquations CIS) and (IS) , 
wbara IS is tha naaa fra# dlstanca batwaaa which tha dislo- 
catioa can bow out. 

hi aad Liu (1968) pjM^aad a nodal for yiald 
atrangth oa tha basis of circular dislocation plla-upa. To 



b«gl» with, ift thla It ia that th# inaairwost 

loop of r«4ia» rj^ is atoppad «t th« particla of « circular 
cro»« «»ctio». Loops arc forsiad by th« dislocations which 
can help* through b#twe#» particlas by tha Orowan iRachaaian. 
Hie appXiad atrasa is assmaad sofficiant to fonri tha 
loop aad to form part of tha loop. Tialding la aaanwaa 
to taka plica whan tha strass concantratloa ( '^|gj at tha 
ianarsioat loop la aaffioiaitt to yiald or fractcra tha partlcla 
i.a. whaa tha aat straaa “Tli t« aqcal to whara 
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T * -T-g 'f y ♦ T 


( 21 ) 


whara p- is tha ahaar laodiulos of tha particla, fZ tha 


th 


yiald strass, "Xy is tha strass axartad by tha j loop 
avaragad oyar tha i^^ loop and T tha lina tansioa. Tha yalaa 
of th# yield strass X calcclatad thas is cowr-arad with 


tha Frank-Raad strass X_ whara 

c 


T. 


r 


^ la It 


2^ L 


(22) 


whara L is tha soorca laagth* Wia laagth L is tha av^raga 
saparatioB batwaan (a-l) loops bafora tha fonnatioa of tha 
a^ loop aroBBd aach particla. Tha yield strass is tskaa as 
althar X or X^ whiehavar is largar, Tha only drawback ia 
this «odal is tha arbitrary choice of <1: as is aqa. (20). 
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Though th« with r#iuilt« 

im not to© bad is thm rood# Is discitl'bod no fmr, th#y all 
predict a aharjMir d«cr*a8# ia yi#ld stress as a fuactios of 
particl© sis« thaa th» axporifl^atal ©bsarvatioa (Siaghal aad 
Martia 19€8« Silooclc and ffilliams 19§6}. 

Furthar nora tha •aeprassioa for Orowaa strssa 
suggasts that ttwi yl«ld straas is oaly a funotioa of particl# 
sixa aad ©oluata fractioa, Hicholsoa (1971) suggastad that 
partielas ara aoa-dafonmbla, Orowaa loops forro arouad tharo 
aad tha iatxriasio proparty of tha partlolas wars of ao 
inportaaoa ia datamiaiag tha laval of straagth, providad 
that tha particlas ara atroag aaough to foro# tha dislocatioas 
to bow batwaaa than aad awaatually by-pass thas* This doas 
aot appaar to ba tha casa. Oaspita sawllar woliaiia fractioa 
tha stroagth of tha VXfi82 alloy ia tha owaragad ooaditloa is 
highar thaa that of PBl€ as oaa ba saaa frost Tabla 2. 


•smtst 2 

Coi^arisoa of tha straagth of V1682 alloy aad 

HZMOHXC P1S16 



Maaa partiola VoXmm 

Aati phasa 

Xaoraasa ia 

Alloy 

radios 

fractioa 

bouadary 

•a«rgy 

straagth 

{m/wrn*} 

V1682 

80A^ 

0.07 

300 arg/aat^ 

140 

F£18 

80A* 

0.09 

240 

115 


Dw t« . hi9h Ti.Al «tlo 1» tk, »tl ph.«. 

boss^ftary aaargy of Hi^hlTi praoipitata is highar aad it appaars 
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to iafXi3«noft th« yloXd •tx»»s. It sMiy b* polBt«»d o«t tb»t 
Orow«» i©op» wir« ob*«r?«d ia both tho»* alloys 1» th« 
ovarsfsd conditioB C^^ayaor aod Sllcock 1970), 

Flaally th# yiald stress is #*p«rl*wia tally fouad 
to btt a fuaetioa of straia rat#. This i»dicat#s that a 
dyaamio nodal is r«qalr«d to aoooaat for this #ff#€ft whilst 
th« static Orowaa nodal falls oa tdiis comxt* 

# 

3.4 Scop# of tit# prassat work 

Taklag iato aeeoaat ths short ooniags sxp#ri«acsd 
ia ths sarlisr nodsls# aa attsnpt has b##B nad# ia this work 
to prsdiot as acoixrat#ly as possibl# th# varlatioa of 
yield str«8s with psrtiel# si as* This has b##a doa# by 
accraratsly sstisMitiag th* atnd>#r of loops aroaad each 
particle, the Freak-Head stress sad stress cMNSceatrstioa oa 
the iaaensost loop. The effects of eati phase bovtadary 
eaergy aad voIcbmi fractioa haw# beea stadied. h conparisem 
with SOM of the earlier Mdels has also bees nade, 

3.5 Tield Model: 

The first step ia the eslcalatioBs is to detemiae 
.idiether the first locqE» oaa fom at all. critical stress 

<X ^ to oj^rate the Fraak-Head stress is caloalated as lag 
ega. (22) wil^ I. • 2H^ - Ir^ where is glwea by eqa, (15) 

rn is th# smsa radios of the precipitate. Aa extra 
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factor ) la to ba aaad for aoraw dialocationa. If 

tli# appliad atraaa T Im graatar thainie tfeea tb» flrat loop 
can form, fha radtica of tba first loop is taban to ba 
aqaal to tbs prsclpitats radios. 

•fils asxt stop Is to find ths radii of ths soccssslva 
loops that sncirols ths first. In order to find this It is 
nscsssary to knov tJh# forces acting on ths sacoasding loops, 
ttis forcss are 

i) t*«i applied shear stress fswiiring the motion 
of the loop* 

11) the line tension which tends to drag the loop 
tomirds the ceatre. The line tension is glees by <Ll and 
Un l»68) 

t CCl- "^/S) (la - 1) -* ^‘"■”' ■^-‘”1 (23) 

^ ar^ r^ td-'? ) 


where h ■» p- b/2 tt (l- v ) , r^ le the redins of the loop in 
ooAsideretioa , other terms hairing their usual significance. 

ill) a stress repolslwe in nature due to the 

laner loop# t j| i» the sheer stress produced by the lo«p 
eweraged over the loop of radius rj[ outside the loop 


and is glwen by {bi and Liu IfSS) , 



) r| 

tj^frf - r*> 



( 2 «) 


where B ie the inysiplete elliptic Integral of modulus 
and z. (Jahnke and tele 1345), 
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Th« wqaillbjfiwr! condition ca» b#* d#«crlb«*d by th# 
vaftisblng of th* not «fer*ss t | •it«rt#d on tb* loop 

aj + J?:. J(l-'?/2)(la — -1) » (25) 

^ 2r| ro 8(1-^) 

whor* is fch* appli«d niamnation has b»i<»n indlcat<M3 

sine# tb® abova «qa« (25) is wry g«n<*ral in natnr® and 

can b» ms«d to find th« radius of any loop. Equation (25) 

was progranstad on an I0M 7044 coispiitar and th« radius so 

adjiistsd thafc‘Tr| vanlsbod wltbln donirafole accuracy. 

Caleulatioar for tb** as*t loop is don# fn a adnrSlar way, but 

only aftar warlfylag whathar th# critical atrsas to form 

tb# ssocHBd loop T« is lass than t , 

2 

Jhs a result of the formation of n loops* th# 
stress on the Innenaost loop inerenses i«pidly to snob an 
extent that it begins to collapse. Xf it shrinks due to 
stress, it is simply gliding on the slip plane. However, in 
some eases it is possible that before thm process of 
shrinkage occurs, the stress is high enough for the cross*- 
slip to occur. IH^en cro8s*slip occurs one or two loops will 
fora near the precipitate depending on whether it is screw 
or edge dislocation. To find ths velocity of the innermost 
loop, the forces acting on it just aft it begins to shrink 
have to he considered. They are 

i) applied stress siding the shfinlcag#. 
li) line tension ii., %dtich changes continuously with 
the radius of the loop and accelerates the process of collapse. 
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ill) Cn-1> loop* aisrroaadiiif tbm f ljr«t, all t<^Bd to 
aid th« notion of tJho Inaorraaat lo<^. 

iv) hm thm Innannoat loop now »ntar» th« procipitat# 
it haa to oraat* aa antiphasa ragion and tltia dapaads on 
th# antipliaaa boaadary anargy ftp® olf tha pracipitata. 

mta valooity i» now gir*n by (Coplay aad Kaar 1967) 


V » V aap ( 


T 


b a i*l^b a 


(36) 




«htt. », 1. th. .h..r W.V. wloclty. Dp th. dr., oo.Jflol.nt 

of tha pracipitata. 3!h« lint tanaion im fiaaa by aqn. (23) 
and ‘T j in now 


T 


3 


ftC2 

(rj - r|) 


E ( — I 


(27) 


idiara E(]t|/rj) is tha <»am»lata alliptic iatagral of aodalas 
(rj/rj) and (Jabnka amd End# 194S) • 

Oaing tha valooity^th# strain rata i is oaloalatad 


£ » cfif bv 


(28) 


baing a gaomatxio qaantity, p tha nobila dislocation 
danaity and v tha valeoity of tha innamnost loop frcaa aqn. (26), 
tha strain rata thus obtaiaad is inwparad with tha appliad 
strain rata. 

Thm following crltarion for yi aiding haa baan 
adoptad; tha vain# of Frank-Baad strass which is raqnlrad to 


f 
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for® th« Ia«t of til# nlnlmm'' of loops for acM«>¥in<jt 

til# dssir«a strsiB rst# fi¥«s th# yisld atr^egth. It Is 
assoiesd that ths tiwt takaa hy a loop to ahrlak Is «»<|ual to 
th# ti®s takaii. for a dislocatioa to travarsa fr<Mi on* part tola 
to ths Bsxt, It is is^ortsBt to not* that idiila i;.l*s »od#l 
(Ll and Lltt If #8) a Hours tha isaximiai aiwRb#r of loops to fox®, 
it Is claisHid itt this KOdai that o»ly that iiiaiiy loops ara 
sttffloiaat wharaitt ylaldiog Is obtalsad at tha Icarast strass* 

It »a«t ba ainphaslsad that havlsg kao%m praclsaly tha nai^ar 
of loops that oaB fom# tha Fraak-Raad strass is ealcolatad. 

CsloiilatioBS wars carr iad oot osl&g tha following 
ooBStantsi p- "■ SOOO kg/w®^, h •• a,54A*, r© *• 2*54h*, 0.33# 

«• 3«52icl0^ csi/sao*, f *» 0.018, • 867 dyaas/o®, 

’{ • 380 args/€i!R^. ht aay oaa partiola sis# diffarant 

sppliad strassas triad to giva eorrasponding loop radii and 
rraak-load strass. In asch ossa tha valooity of tha 1©«^ aad 
baaoa tha strain rata wara oaloalatad so as to ba abla to 
pradlot as aocnrataly as possibla tha yiald strass. tha natnra 
of tha oalcttiatlons for jost ona particla slsa haira baan 
shofwn in whola panocadnra was oarrlad o»t for 

about thirty fiaa partlola sisas to obtain a plot of yiald 
strass w. particla sisa. Tha oalonlaticwa of tl»a for 
shrinksga of a loop is shoisei in Appandix 2. 

3.6 Pasnltst 

Sassd ox tha sbova wodal a plot of avaraga particla 
radios (r^) ws. 2 x wbaraT^ Is tha critical strass, is 



25 


Shown in Tig, (3). Th« msults olaarly show « gradtoal 
<lrop in th« critical atrass as tha particle slsa increases* 
The drop in stress is fairly sharp npto ahont 175h* ■ di'hile 
later the onrwe flattens considerably* By redisKSing the anti 
phase boimdary energy ( , the whole curse was shifted 

to lower etress walnes. Calculations were carried ont for 
four different "/|^p!i*s wis. 286, 240, 266, 146 ergs/<n^. 

M ccoparieon of the welnes obtained by this model with these 
obtained experiaientally has been shown in Fig. (4), A 
ccwparlson has also been made between Aahby's theory 
thla work in rig. (5). The reanlts of the strain rate 
senaitiwity test is shown in Fig. (6). The effect of voln^ 
fraction on the critical stesa. Pig, <7) , is to shift the 
curse tP for Incressing wolwne fraction. 

3.7 OiacassicMci: 

The gri^ual decrease in the critical stress 
predicted by smst theories is obtained. The steep fall In 
the initial stages Fig. (3), corresponds to the regitaas 
where only one loop exists, once, nore than one loop fosms 
the drop is much nore gradual, nhile **the effect of 
is shown to brixig down the stress values another iwplioation 
as a result of this is, the change in the nunber of loops 
for different "^j^pg's but at the sasM particle site. T& 

a> 

illustrate this point values are shown in Table (3> • 



2 ( kg/mm^) 


Y/!^P 0 = 2 80 ergs /C m 
Y^PB = 240 ergs /Cm' 
Y^p 0 = 200ergs/Cm2 
Y^pb = lOOergs/ Cm 2 



100 200 300 

Mean particle radius r^CA ) ► 

FIG. 3. VARIATION OF YIELD STRESS WITH ANTI-PHA! 
BOUNDARY ENERGY. (Volume fraction = 0018) 




2 Tq{ kg / mm^) 



FIG.4. COMPARISON OF THEORETICAL MODEL WITH 
EXPERIMENTAL RESULTS, 




FIG. 5 COMPARISON OF PRESENT MODEL WITH ASHBY’S 
THEORY. 








FIG, 6. STRAIN RATE SENSITIVITY- 



27c ( kg/nnm2) 



FIG.7 EFFECT OF VOLUME FRACTION(f)ON YIELD STRESS 
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TJUBLE 3 


Mfmtst of imtipbaso botuidary aaeirgy on Franlc*»Be«i 
ttraaa and nmkmx of Ic^ps. 


JParfcicia siaa 

(erga/cn^) 

480 588 280 

140 

■wboro • (3/2)^*^^ 


MnadfcHBr of loops {lEg/a»^) 

4 20 

2 15.84 

UfJ 


dua to Olaitor and Boxnbogan (1055) . 

Caparison with aacparinantal waliMts Fig. (4 ) , 
mhmm a wary elosa agraaaia&t with thosa pradiotad hy this 
nodal. Balow lOOh* tha gradiaat is noch graatar rasolting 
in a sharp dawiation frotn asperiiMiatal wmlnas. This emn hm 
atrribatad to tha fact that in this partiola sisa ranga 
tha affaot of straight disloceation haoesMS innortuit and 
axprassions to inolnda tha iataraotion of straight dislooatioas 
with tha shaar loop snwt ba oonsidarad. Wmn Idiara ara at 
laast two lo<^s tha affaot of a straight dislooatioa womld 
drastioally ba radaoad. This shows that tha nodal would 
pradiot walnas aoonrataly ahaa nora than ona loop is prasant. 
Fignra (4} ahows valaas of r^ opto 300h* only siaoa aaipari»sntal 
waltMBs bafcmd 300h* wara not awailabla. hat tha traad 
elaarly thews that tha agrwoBant woold ba <p!»od awaa tMiyoaiidi 
looh* . 


h ooniwriscai with hsliby*t nodal indieatas a grant 
diffaranoa in tha slopas i^taiMd by tha two nodals. Bhllo 
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the values from Ashby’® saocieJl seem to diverge away from the 
experimental points, the prediction of this nodel is more 
realistic. 

The results of tiie strain rate sensitivity t*»sts 
(Fi^, 6) clearly show the expected variation in a plot of 
instantaneous change of stress vs. the sixain rate. 

Jit may he mentioned that such a behaviour has also been 
reported in a ferritic Fe, 2.5% si, 1.4% Ti alloy containing 
ordered Fe 2 SiTi precipitates (Papaleo and ffhiteman 1971} . 

The effect of increasing the volume fraction of 
the precipitate is to increase the yield stress (Fig. 7). 

This could be expected considering the fact that an increase 
in the volume fraction results In a decrease in the inter- 
particle spacing for the same particle size. Thus it would 
be incressingOrdiffioult to bow the dislocation between two 
particles of a much lower spacing, the maior resistance to 
bowing being the line tension, since the line tension is 
inversely related to the radius of curvature while bowing. 

3 . B Conclusion : 

Ifhile this B^el can be olaiaied to be a vast 
improvement over the earlier models on the basis of its 
accurate prediction of and the good agreea^nt with experi- 
mental results, it has s(»e drawbacks. The effect of a 
straight dislocation on the shear loop has not been considered 
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in this siod«I. This beoo^es Jjaportant at mrsIX particle 
sisas. a consideration vonld effect a hatter correlation 

with the experimental valma. Fiiiall:f, this aodel^ though 
applied only to the ease of ansteaitio stainless steela 
ccntaining phaae, in wiew of ita generality, ean he 
applied to any syatesi hawing a eoherent ordered precipitate 
where Ictoping oeonrs* 



CHAPTER 4 


WORK HAROEBING AND INTERNAL STRESS 

4.1 latroductioa 

While the te&sile yield behaviour repr«»ettt« only 
o&e aspect of deformatiofi, a better uaderstaadisg is possible 
by exaiDining the work-hardening behaviour also. This differs 
from the conventional theories of work hardening in single 
phase materials in that austenitic stainless steels containing 
the hard il * phase, deformation occurs when the matrix shears 
plastically. An attempt has been made to examine the true 
stress-strain curves, the work hardening rates and internal 
stress in these materials. 

4.2 Review 

The hardening effect produced by precipitate 
patticlea which depends both on precipitate aise and spacing 
was first noticed by Meries et al (1S>21} during studies of the 
age hardening of duralumin. Jeffries and Archer (1921} 
suggested that the precipitate particle acted to block crystallo- 
graphic slip. Mott and Mabarro (1940} estimated the yield 

' I 

strength in tersm of the strains produced by precipitati^ 
and thm increased stress required to force dislocations through 
adversely strained material. A theory of the dependence on 
spacing was proposed by Oremran (1948} , who showed that the 
stress required to force a dislocation between two precipitates 
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Th« first attes^t to quautitativsly dascrlbe th« 
hardsfii&g of nstaXs by dlapsrsioaa was by Pishsr, Bart and 
Pry (1553) , Th« tinaory assvmad that dislocations w®r» 
blocked by the dispersed particles and had to bow between 
them aocordiiig to Orowa&'s description, resnltlng in the 
initial Orowan yield stress and in the process necessarily 
leaving behind dislocation loops about the particles. The 
loops would exert a back stress on the slip plane raising 
the level of applied stress needed to continue fiurther slip. 

The aceuwulation of loops would continue 'until a limiting 
stress in or about the particle was reached after which the 
ntinber of trapped loops would remain at that saturation level. 
The resultant saturation back stress was identified as the 
maximum hardaning increment. This theory had some defects 
in the assimiption that the back stress was thought to affect 
Prank*Read sources in the slip plane. These were considered 
to determine the matrix flow stress, while the Orowan stress 
seemed to be an independent stress detersdniag mechanism. 

It was not clear whether the Orowan stress should be considered 
alternative to the matrix flow stress or in sotmi way additive 
to it. Hence this theory was limited to estimating the 
maximum hardening effect at strains large enough that the 
Orowan stress was negligible. 

Ashby (lti6) suggested that the Xong renge stresses 
broke down by plestic relaxation, in the metrix, of the large 
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stresses is sad arouad each particle. A plastic shell forms 
round each particle and spreads outwards as straining proceeds, 
filliag the volume between particles with secondary dislocations, 
which in general intersect the primary slip system. A glide 
dislocation sautt now out throtsgh these secondary dislocations 
and also overcome Imng rang# back stresses from the particles 
in order to im^ve. ^his approach was known as the secondary 
alip theory, This theory has a drawback in that an average 
dislocation density which asstrmes a uniform distributioa has 
been assinaed, which la in general incorrect. 

Hirsch and liumphreys (i»70> with the aid of electron 
miorosGc^y developed a theory of work hardening on the following 
BK>delt The glide dislocations interact with the particles 
and by a mechanism of cross slip generate as prismatic loops 
per dislocation. The loops are arranged in rows at the 
particles, form helices with screw dislocations and act as 
parallel linear obstacles whose lengths increase with increasing 
strain. This mechanism leads to a self-hardening of a slip 
line i.e. for a given slip line the flow stress increases 
witli the number of dislocations emitted by the soiurce. Ihe 
self-hardening law has been computed. In addition the 
dislocatioa.s mist be able to by pass other dislocations on 
adjacent glide planes Cinternotion hardening) ; the total flow 
atresa being the sum of the self and interaction terms. The 
theory predicts a work hardening curve which is parabolic above 
an initial region of low hardening and escplains the observed 
dependence on volume fraction and particle radius. 
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A Rsorf? rec«nt th«ory has h#»n to Hart (1972). 

Tiiis is an iiRprov«m«&t of as aarlior thaory by Fi»h*r «t al (1953 
This th«ory assumes that ths Orowan stress is sinplf additlv* 
to the matrix flow stress and that the effect of the back 
stress frcai trapped loops is to raise the critical stress 
for bowiag additioaal loops between particles. It also supposes 
that the noraal strain hardening of the metal matrix proceeds 
in substantially the same way as it would without the 
dispersions. In addition to a quantitative evaluation of the 
dispersion hardening increment# it also predicts an initially 
constant value for the hardening increment over a strain 
interval that depends on particle sixe. 

4.3, Itesults 

4.3.1 Mtork hardening rates t 

Tests an tensile samples were conducted using an 
Instron machine using a constant oros8-~h«ad speed of 0.02 cm/min. 
The true stress^strain curves for all the samples are shown 
in Figs. (i*13) . yield stress of the solution treated 

alloy being 13 kg/nm # the marked strengthening as a result 
of aging is clearly seen in all aged samples. Faximum 
strengthening was observed after 12S hours at 47S*C hut aging 
st 756*C for 2d0 and 1090 hours promoted overaging. 

The work hardening rate# which is the slope of the 
true stress strain curve in the plaeiio region has been calculateii 
for all samples at plastic strains of It# 4t and 12%. The 


True str€ss(kg/nnm2) — ^ True stress( kg /mm^) 


3S 



FIG 8. TRUE STRESS -TRUE STRAIN CURVES FOR 

(a) SAMPLE AGED AT675°C FOR 20 HOURS. 

(b) SAMPLE AGED ATSTS'C FOR 5 HOURS, 





True stress (kg/ m m^) True stress (kg/rnm 



FIG.10.TRUE STRESS-TRUE STRAIN CURVE! 

(a) SAMPLE AGED AT 725°C FOR 8 HOURS 

(b) SAMPLE AGED AT 72 5-0 FOR 4 HOURS 
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True strain(percent) 

FiG.11.TRUE STRESS TRUE STRAIN CURVES FOR 

(a) 5AMPLE AGED AT 725"C FOR 200 HOUf 

(b) SAMPLE AGED AT 725°r ‘^OR 30HOUR^ 


True stress (kg /mm 2 
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work harcieaing rat« at 4% plastic strain has b#«B plottad 
as a fusctioa of a^iag tim for two volim# fractions (Fig. 15} • 
Tha work hardaning ratas ara shown la Tahla (4 ) . fitiila the 
work hardening rates at the higher strain ware all of the 
mmem magnitude, the initial rates ware quite different. In 
the ovaraged condition rapid initial work hardening rates 
were ohser>N»d. The table also shows the work hardening index 
which was obtained as the slope of the log true stress ~ log 
true strain plot. Work hardening index for four iR»in?’leH are 
shown in Figs. (13) and (14). 

Deformation in the imderaged alloys la usually 
by the lavement of paired super^dislocationa (Bllsby 1966, 
Singhal and Martin 19i8). with increasing d«*for!nation, pile>up 
or planar arrays form (Wilson and Fiokerlng 1969} indicating 
that cross slip was restxicted. 

In cases where the dislooatioa loops around i * 
particles fcsrm# which represents the oweraged (x»i^tloa, well 
defined stacking faults have been observed (Wilson and 
Pickering 1969} . This indicates a significant lowering of 
the stacking fault energy of the precipitate, ^ntte precipitation 
of "i * remoires large amounts of nickel from the austenitic 
matrix. In spite of over aging, i * particles are largely 
coherent in the uadeformed condition (Philips 1967} , 

4,3,2 Internal and Effective stress* 

The internal and effective stresses detailed in 
section (2.2), were obtained from stress relaxation and strain 
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TABLE 4 

Work HardoalAf B«tas 


Volmm 

fraction 

Towp. 

(♦C) 

Aging 

Tin* 

Work hardacing xmtmn 
(Kg/iwr) 

at plaatio atraiaa of 

^ . 

m 

.03S 

§75 

5 

1250 

312.5 

250 

0.5 



20 

1552 

312.5 

250 

0,4 



125 

1458 

469 

188 

0.28 



550 

3125 

417 

250 

0.32 

.02 

725 

4 

625 

250 

179 

0.35 



8 

1375 

277 

209 

0,33 



30 

1318 

312 

227 

0.3 



200 

1625 

397 

278 

0.3 

»0I8 

750 

200 

1188 

438 

275 

0,43 



iooo 

2160 

513 

270 

0.33 




Log true stress, — — — -► , Log true stress 



Log true strain 


FIG.13. PLOT OF LOG TRUE STRESS VS. LOG TRUE 
STRAIN. (a) SAMPLE AGED AT 675°C FOR 550 
HOURS. (b)SAMPLE AGED AT 675°G FOR 5 
HOURS. 
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rat* cycling teats* The magoltudas of these stresses at 
different strains obtained toy stress relaxation for all, saatples 
have toeen listed in Appendix 3. Using this data Figs, {lfi-18) 
have been plotted shoving the variation of applied, internal 
and effective stresses with strain* 

long term stress relaxation data indicates a very 
gradual rise in effective stress, magnitvaie of which is 
much lower than that obtained on the same sample using strain 
rate cycling. Results on the basis of strain rate cycling 
are shown in Fig. (19) . The detailed calculations are given 
in Appendix 4. 

4.4 Discussion 

In the solution treated condition, the deformation 
characteriatioa of the single phase material ^ are directly 
deteriRined by the staeting fault energy (Swann 19$3) . In the 
mm«t of austenitic steels, this is dependent on composition 
and in ISi Cr steels, increasing the nickel content from 
91 to 251 increases the stacking fault eiMirgy from 19 to 3© 
ergs/cm^ (Dulieu and Hutting 1964), During aging, nickel is 
removed from solution by combination with titanium, resulting 
in a reduction of stacking fault energy with an . increasing 
volusMt fraction of liljTi. , 

In the lUMderaged alloys where deformation is by 
the motion of saper-*disiocatl©tts# the work hardening rate 



btrain (percent) 

AND internal STRESSES OBTAINED 

STRAW^r^^^'^^^'^^ ^ function of THE 

STRAIN. (Sample aged at 675“C for 20hours). 



Stress ( kg /m m2) 



FIG. 18. EFFECTIVE AND INTERNAL STRESSES OBTAINED BY 
STRESS RELAXATION AS A FUNCTION OF THE STRAIN 
(Sample aged at 750° C for lOOO hours.) 



Stress (kg/m m2) 



FIG.19. EFFECTIVE AND INTERNAL STRESSES OBTAINED 
BY STRAIN RATE CYCLING AS A FUNCTION . OF THE 
STRAIN. (Sample aged at 725°C for 30 hours). 
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ca» be rationalised by considering the aged precipitate to be 
a single phase material with a stacking fault energy that is 
lower than tliat of the solution treated. The presence of 
small ordered 'i * precipitates increase the stress required 
for the initial propogation of dislocations due to the aati~ 
phase boundary energy that has to be overocntte while cutting 
the precipitate. Because the i«>viiig partials out the roues, 
the sones themselves do not make a significant contribution 
to the work hardening rate. I^e increase in strength at this 
stage is mainly a result of restricted cross slip due to the 
lower effective stacking fault energy and not a direct 
consequence of the presence of the precipitate. 

The increase in the rate of work hardening as aging 
proceeds corresponds to the change from direct shearing of 4 ' 
particles to looping around them. However for looping to 
occur, the dislocation must not be dissociated, xn such cases 
the leading partial may be held up against the particles 
and the applied stress is sufficiently high to recombine the 
partial dislocations before causing looping to occur. The 
increase in work hardening rate is mainly due to the course 
distribution of ni * particles, which hinder the movement 
of dislocatdoas . 

The results of the stress relaxation and strain 
rate cycling esq^ieriments not tally. Zt is suspected that 
strain rate cycling is not reliable in view of the fact 
that at large stresses, as enootmtered in thlm work, any small 
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error ia ineaBuria 9 the stresses at the Uto strain rates 
can cause a large deviation in the results and hence the 
calculated values of the dislocation velocity stress exponent 
are unreliable, so basically this method is inadequate at 
large stresses* It «iay also be mentioned that the present 
data on stress relaxation was analysed on the basis of the 
model of Gijqpta and Li (1970) unsuccessfully. This may be 
because while most of the relaxation curves of Gupta and Li 
showed a deviation fx€m linearity at small relaxation times, 
this was appreciable in the case of austenitic stainless 
steels and consequently the slope of the relaxation curve 
changed appreciably. 



CHAPTKF 5 


MOTIOM OF PARTIAL DISLOCATIONS 

5,1 Xatroductioa 

lift austenitic stainless steels containing -{ * 
particles the defonaation depends on the aging kinetics. 

While at short aging tines it has been found tltat dislocations 
travel in pairs (Singhal and Martin 1968 ) , after peak hardeness 
loops were observed around the precipitates. Dislocations 
travel in pairs mring to the cutting of ordered particles 
(Raynor and Siloock 1970} . Gleiter and Bornbogen (1965) 
develc^d a theory of the yield stress in alloys containing 
coherent, stress free ordered particles based on the 
obsiervation that disl<H;ationB glide in pairs. But l^is theory 
does not include the details of dislocation notion. Zn an 
attea|»t to overoone this drawback Ck>pley and Kear (1967) 
proposed a dynaado theojry of coherent precipitation hardening* 
This theory was successful in predicting the yield stress 
and the observed tenperature dependence of yield stress. 

In this work an attenpt has been aade to explain 
the experinental observation of earlier workers, based on the 
EBodel of Copley and Kear (1967) . Thm variations of the 
different paraneters related to the theory have been studied. 
Finally, a aew nodel which overoenaes sone of the lixdLtatlons 
of Copiey and Kear's theory has been outlined. 



5,^ I’h^ory 


The dislocation dynamics have been baaed on the 
stress dependence of the dislocation velocity (v) as given by 
Gilitsan Ciy59> 

V »• V* ej£p (- D/'X. } (30) 

where v* is a velocity near the shear wave velocity, D which 
is a measure of the frictional forces that act on the sioving 
dislocation also termed as the characteristic drag-stress 
coefficient and 'X, is the stress function. EvaluatioA of 
would aid in calculating the individual velocities of the 
leading and trailing partials. 

Consider the forces acting on the leading (1) and 
trailing (2) partial dislocations. Hhen the leading moves 
through the matrix it is acted upon by the follcs^ing forces s 

i) A force due to the applied stress which is 
wh.r, bp 1. th. Burg.r. v.otor of th. p.rti.l. ^ 1. th. 
applied tensile stress, Is the Schmid factor of the leading 
partial and is the planar interparticle spacing given 

by eqn. <15} . 

ii) A force due to the creation of stacking fault 
where is the stacking fault energy of the matrix. 

ill) A repulsive force c/a x due to the trailing 
dislocation where x is the distance between the trailing 
and leading dislocations and c is given by (Hirsch and 
Kelly 1965) 
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C <2 ) 2^ Ceos 2^=^ > 

c - _£ (1 - ) ( 31 ) 

8 Tl A X (1 -V ) (2 - ^ ) 


where G is the shear ooduluR, S) the Poisson 's ratio and c< is 
tine angle the resultant Burger vector makes with the dislocation 
line. 


From this the velocity of the leading partial in 
the matrix can be given as 


v(l), 


exp I 


®m* 2Rg 




»-b mj^.as - -< JR + c/l^x.l^ 


( 3 J) 


where 0^^^ is the drag doefficient in the matrix. Similarly the 
velocity of the trailing dislocation in the matrix can be 
given as 


V2C2) 


m 


V* exp I 




2R. 


o'b m2*2Rg 


( 33 ) 


where m 2 Schmid factor of the trailing partial 

dislocation. 

As the leading partial inters the precipitated its 
motion is impeded since it must create anti- phase boundary. 
Consequently the forces now acting on the leading partial in 
the precipitate arei 

i) A force due to the applied stress o- 
ii) A force due to the creation of stacking faults in 
the precipitate 4 where i» the length of the 

dislocation inside the precipitate at any instant, is 
the stacking fault energy of the precipitate. 
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iii) A force au# to the creation of stacking fault In 
the matrix 

iv) A repulsive force 21 ^. 0 / ax, 

v) h force due to the antl-phese boundery 
where anti-phase boundary energy. The velocity 

la the precipitate is thus given by 


v(i)^ • V* exp t 

P P <rb. 


- Dp.Si - - S^) 

.2il„-"VC(2R«-S, )- 'Lsi- 


.o/a X 


(34) 


where is the drag coefficient of the precipitate. Similarly^ 
the velocity of the trailing in the precipitate* ia given by 


v(2) « V® exp [ _..P.. . ” ” 

^ ^ g-b »2*2Rg + Yp.S^ ♦^*(2n^-8ir 


-'iRg.C/ AX 


(35) 


where S 2 is the segsient of the trailing partial in the 
precipitate. The trailing partial neither creates nor 
annihilates the antiphase boundary. 


5 , 3 Results 

On the basis of these equations numerioal values 
were inserted is eqns. (31) -(35) to evaluate the velocities 
of the leading and trailing partials. The velocities and 
separations between partials 'were calculated on an ZBlH 7044 




»T* 


I Tai 


■* 


lais 
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Sioct* til# .liL-r! ur 8tructui<*» for is 

it is not possible to prepare Nl 3 Ti with ordered 
I.I 2 structure. Therefore^ the drag coefficient of the 
precipitate Dp, is taken to be the same for (Kear 

and Piearcey 1965} . The following values of different 
parameters were used for calculations} 

2R^ •» 300 A*, 2rg >« 100 A*, - 1.45 A*. 

o- »« 80.5 kg/mm^, APB " ergs/ca»^, • 15 ergs/cm^ 
c • 10*”^ ergs, <2kX 70 A*, ''*^p * v* « 2,52x10^ cro/sec 

ajL * 0.47, 1 B 2 " 0,24 

This data was used for a steel in which dislocation 
partials moved in pairs (Wilson and Pickering 1969} . The plot 
of dislocation velocity of leading and partial dislocations 
as a function of the position of dislocations is qualitatively 
shown in Fig* (20). As the leading dislocation ssoves 
through tlie matrix* separatioa between the partials increases* 
Uence the repulsive force decreases resulting in a slowing 
dfswn of the leading partial dislocation while the trailing 
experiences an acceleration. As soon as the leading partial 
enters the precipitate, its velocity drops sharply due to 
the creation of an anti-phase boundary as also due to the 
higher drag coefficient of the precipitate. Due to the 
redact^ speed of the leading partial the separation between 
them decreases and as a result the repulsive force on the 
trailing now begins to increase* Similarly, when the 
trailing partial enters the precipitate, its velocity also 
decreases rapidly an account of the higher drag coefficient 



Velocity of partials 


1 

Leading M = Matrix 

■ Trailing P = Precipitate 



Position of partial dislocation 

FIG.20 MOTION OF PARTIAL DISLOCATIONS MOVING IN A 
MATRIX CONTAINING PRECIPITAtE S . 
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of th« precipitat#. Once both leave the precipitate a 
similar cycle i« follcmed. 

5.4 Discussion 

S.4.1 tffect of stacking fault energy of the precipitate 

The separation of partials for different values 
of /p is shewn la Fig. {21), A cenaputer program used to 
evaluate the velocities is listed in ^pendix 5. The separation 
keeps increasing for values of _ belov - 50 ergs/cm^ . 

But for higher values of •( p the separation decreases. This 
is mainly a resttLt of a negative stacking fault energy 
which tends to aid the leading -for more negative values of 
~i p while it assists motion of the trailing for larger 
values. Such large separationa were in fact c^served Iny 
Wilson and Pickering (1969) in their alloys. 

Sisdlar data was used on the alloys used hy 
Singhal and Martin (1968) ,the volume f motion in this case 
being 0.02. In this cwse <r • 37 kg/sw^ and "/gj • 20 erg«/oa>^* 
This is because in the former case when volume fmotioa 
was 0,1 then •» IS ergs/cm^ only because a lot of nidkel 
has been taken out to form Ml^Ti and hence the matrix has 
lesser nickel and consequently a lower In this case 

no dissociation was observed for "^p *■ * 35 ergs/cm^ as 
shown in Fig. (22) . This is in complete agreement with the 
experimental findings (Singhal and Ffartin 1968) , 



Separation (A“) 



FIG. 21 . EFFECT OF STACKING FAULT ENERGY OF THE 
PRECIPITATE ON DISLOCATION SPACING FOR 
VOLUME FRACTION OF 01 . 
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ti,4,2 Eff«ct Of orieatatioa: 

Oriaatatioa has a iMirkad effoct on. thm dislocatioii 
veXocitias. saparatioa io graatXy iafiuoBood du* to 

ciiaoges Ia £chmid factor of tbo laadiag a&d trailing partial 
diaiocafcioAs. Th» Scimid factors for dlffarant oriantatioas 
ar« shown la TabXa 5 (Coplny aad Kaar 1968) • 

TABLE 5 

Sciuaid factor* for tt# loadiag sad tralliag 
partiala for dlffaraat oriaotatioaa 


Orientation 

»1 

Sl2 

[1011 

.47 

.24 

[0011 

.24 

.47 

[1111 

.31 

.16 

[113] 

.4 

.4 


This iH^litfs that whila la [1011 dlractioa tha offset of 
tha applied stress oa the leadiaf is twice that o» the 
trailiag whereas ia I 0011 is vice versa. Coasecfiwatly, the 
separatioa ia 11011 directioa iacreasee <»»atiBiaoi»ly while 
aloag [0011 dlssociattoo does aot ocemr. Ia the [111] directioa 
the ratio of tha sebaid factors is the #a»e as that is [1011 
aad shows a sinilar effect as ia [1011. The oaly difference 
is that the tiasi acw iavolved ia crossing the precipitates 
is Bocsb greater t-C'-. In the [113} direction where the schwld 
factors are equaliis found that the 'steady state* sets in. 
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This implies that after cYossisg ose or tiim particles the 
average separation does not change. This shove that once 
dissociation starts it may not necessarily go on and on, but 
may maintain an average separation, !djese effects are 
illustrated in Fig. (23). 

5.4.3 Effect of stacking fault energy of the aietrix -/„!* 

The stacking fault energy of the snatrix has been 
given as 15 ergs/om^ COulieu and Hutting 1964, Thomas 1963> . 
Inoreasiag '( ^ to 20 ergs/c®^ decreases the velocity of the 
leading, but Increases the velocity of the trailing while 
for lover values of the separation is larger than that 
at 15 ergs/cjii^ Fig. (24). This is because less resistance 
is offered to the myvenent of tlMi leading partial while 
at the mtam tine the trailing moves slowly, since the energy 
of the fault which it eliadnates Is snuch lesser now. 

5.4.4 Effect of antiphase boundary energy 

She effect of antiphase boundary energies on 
separation of partial dislocations is shown in Fig. (25). 

The higher the value of the laore the resistance is 

0 ttmx%d to the passage of the leading partial# thereby 
decreasing the interparticle spacing. The velocity of the 
trailing partial rewains unaffected since it neither creates 
nor destroys an antiphase boundary. 






FIG.23. EFFECT OF ORIENTATION ON DISLOCATION 
SPACING. 





FIG 24. EFFECT OF STACKING FAULT ENERGY OF THE 
MATRIX ON SEPARATION BETWEEN PARTIALS 
(Yp= - 60ergs/cm2) 



Separation between partial 



0 


500 


100 200 300 400 

Distance moved by leading 
partial (A'*)^ -100 ergs /cm? 

Ra25. EPFECT OF THE ANTIPHASE BOUNDAR 
ENER5Y OF PREClRfrATEDpONDfSLOCATK 
S»VClNG(Yp=.60ergs/cm^) 
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5«4,& Effect of drag coefficient (Dp) of the precipitates 

Unlike .^p and a» Increase in the drag 

coefficient of the precipitate rednces the velocity of both 
partiala as in Fig. (26). Meace its effect is not very 
pronounced. A ainilar effect vould be seen by increasing the 
drag coefficient of the matrix E^. 

Thus^this approach satisfactorily explains 
experimental observations of Singhal and Hartin (1968) , 
Singhal (1968) and ffilson and Pickering (1969) . Like the 
static model of Gleiter and Hornbogen (1965) the dynamic 
theory also predicts oem^plete separation betmeen partials 
in steel for negative values of ‘*^p. Orientatioa effects 
are such that only sisse of the dislocations would be widely 
spaced, luaother interesting featixre is the stabiliBatio& 
of the separation after seme dissociation has taken place. 

While lv\ the above model of Copley and Kear (1967), 
the equations have been used assuming the dislocations to be 
perfectly straight ^ 'v:!t thishnot usually the case. Xn 

order to overcome this drawback a modified version of the 
dynamic theory which accounts for ^e curvature of the 
dislocations has been proposed in this i^rk, 

5,5 Present Model. 

As soon as the dislocation reaches the precipitate « 
the segsMint in emtmt with the precipitate assumes a 
curvature ns that of . the precipitate while the free segment 



Separation between partials 


Dp = lOOOergs /cm 2 
Dp = SOOergs /cm^ 


0 1UU 200 ’300 400 

Distance moved by leading partiat 
FIG. 26. EFFECT OF DRAG COEFFICENT OF THE. FFJE 
CIPITATE Dp ON SEPARATION BETVVEEN'pAR 
TIALS ( ''^p=-100ergs/cm2) 
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begias to bow as shown In Fig. (27). Th« a^mrage intar- 
particl® spacing for a fiaxihle dislocation lina of Burgars 
vector bp is given by {singhal 1970) 

2TR?. 

” Tb 


2R 


‘s 


a c 


V ,1/3 ,,,^’■'4 , 

— r'"* R„/i{ ) + B 3 

W rr B 


(36) 


P 


wb«r« T is the line tension of the dislocation* T the 
applied shear stress, 2R| is the utean planar particle 
separation given by eg, (15), 2By is the ssean interparticle gpao 
given by (rott ana habarro 1940) 


211 • (^2L4 r 

fef 


(37) 


where and r^ are related by eqn, (29) , 

vl’ which is the angle formed by the two tangents 
from the points of contact with the precipitate is given by 
(uuyot 1971) 


cos 'j’/Z 


h...2R* ,r 


2T 


(1 


'P ^ 






(38) 


Where is given by eqn. (36) and is the applied stress. 
Knowing the length of the arc of contact can be estimated. 
From y , the angle at h may also be obtained. Using 
^ /2 and knowing the lengtli BC • 2RjJ - content length along 
the precipitate, the length hB is calcnlated. hB is now 
the radios of onrvattire of the free segment and since is 
known the length of the free segment is also dbtained. 



J 2. 



applied shear stress, 

^p; BURGERS VECTOR OF PARTIAL . 

P-' RADIUS OF CURVATURE OF FREE SEGMENT. 

I- LEADING PARTIAL, 

2: TRAILING PARTIAL. 

N 

FIG. 27. BOWING OF PARTIAL DISLOCATION. 
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forces on both the free aegineat and that 
in contact with precipitate are evaluated separately. The 
velocities are 

i) velocity of the leading partial in contact with 
precipitate v{l)^ 

vtDp - V* eacp I — ^ -1 (39) 

Tbp - -/p - + i^bp + c/^ X 


ii) 


velocity of free segment of the leading partial 

- 

- V* exp ( 1 

bp “■{ a, “ *^8 * 


(40) 


iii) velocity of the trailing in the matrix 
vCaijg - V* exp I 1 (41) 

where cr"g ia the self stress given by 
Gb 1 - 2V 2R» 

C- . £ 3 la ^ (42) 

4*7rr» l-V b 

r* being the radius of curvature of the free segment. 

The trailing partial la given an increment and at 
each position the velocities of both segments of the leading 
partial are calcmlated and hence theVf position after a fixed 
time interval. A better estimate may be obtained by 
multiplying each of the factors In the velocity equation by 
the length over which it acts. One set of calculations are 
shown in i^pendix 



CEWPTER 6 


CREEP DEFORMATION 


6.x lAtroductioa 

Cre«p is dftfissd as tha plastic flow u&d^r a 
constant straas, Cr««p may be transient or continuous 
clepanding on the stress aadl temperature. Creep of 
dispersion strengthened materials has not been very well 
established, especially the variation of creep rate with 
particle size. In this worh it has been atten^ted to extend 
the yield model approach described in Chapter 3 to assess 
creep rates as a function of particle size during the later 
stages of aging of an austenitic stainless steel containing 4 ' 
particles • 

6.2 Review 

As crystalline materials work harden in the process 
of deformation, continuing deformation under constant 
Btresii implies recovery. The creep rate then results from 
a balance of simultaneous work hardening and reoovery 
processes. Theories of creep deformation at elevated tes^jerature! 
can be divided into two groups: 

1, Recovery creep theories - which say that creep 
takes place because strain hardening is continuously annealed 
out by recovery. 



2. Slip theories -■ which recovery aad apply 

reaction rate thaory to some slip process that is supposed 
to be the rate cob trolling event. 

6.2,1 lecovery creep theory s 

Recovery creep theories were postulated years back 
by Bailey (1926), Orowan (1946) attd later by Weertiuan (1957). 

In the steady state creep condition reached eventually at 
high teipperature, accord! to the recovery ’th^^ory strain 
hardening s^ust be exactly balanced by recovery to maintain a 
constant mechanical state in which the flow stress ^r' remains 
invariant with tine t, so that 

(3-21,) d£+ (-::^ dt • t» (43) 

.. f ■ £- <44) 

dt h 

where r - (- 221) is the rate of recovery and h - (- ^) is 
t 

the coefficient of strain hardening, €, being the strain. 
Equation (44) could be tested over a range of conditions 
by making neasurementa of £ » r and b. The works of Cottrell 
and Aytekln (1950), and Davies, Davies and wilshire (1965) 
seem to fit this theory. McEean and Hale (1961), Ishida 
and IteLean (1967) and Mclxean (1966) have shown that the 
above is a very general relationship. These theories .however, 
are not generally applicable to high strength dispersion 
hardened naterials. iteese theories fail to account for the 
high stress dependence of the recovery and creep rat-^s 
iwllcox and Cluer 1966 i Wilcox et al. 1967). The theories 
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of assurn* that the* dislocations formed during cr**ep 

exist on a three dimensional net work and the growth of such 
a a'“t work,, essentially by climb of dislocations, constitutes 
the recovery process (Weertman 1S57) . By using an impedence 
factor Lagneborg (1968) was able to account for the creep 
behaviour of particle hardened material by using a modified 
recovery theory. Gibbons work en Ni/Cr/hl alloys at constant 
stress shows that there is a proportional relation between 
creep rate and recovery rate for materials with different 
titanium content and dispersions of Y * precipitates. The 
results of niobium stabilised austenitic stainless steels 
(William and McLauchlin 1970) also confirm the recovery creep 
model. But the fact that dislocation network has not been 
microscopically examined in crept speoisw^ns, more or less 
rules out recovery creep model in * precipitation hardened 
steels . 


6.2.2 Slip theories! 

The diffusion creep approach (reitewed by CJanfalo 
i96J>, Kennedy 1963, Finnce and Heller 1959, Sherby and 
Burke 1967) established that self diffusion is the ultimate 
rate controlling process in the steady state creep. This 
was a result of the activation energy of creep and activation 
energy of self diffusion being nearly equal. Appreciable 
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creep rates c*» be produced ia fine grained raaterial by a 
diffusional mass transport of atoms from one grain boundary 
to another* This phenomenon is the Kabarro- Herring creep 
(Haoarro li>48,, Herring l^SO) , On this basis it was suggested 
that creep rate is proportional to the applied stress which 
does not generally hold good for precipitation hardened alloys. 

Xn the presence of solute^ dislocation motion is 
hindered eoasiderably. Creep at high temperature but low 
stresses has been explained by the solute drag. This approach 
due to Frledel <1884} » predicts an increasing erreep rate 
with aging time. 

Barret and Six (1985) . suggested that creep was 
controlled by the drag of jogs in screw dislocations. But this 
also was not applied to “i * precipitation hardened steels since 
electron miorosoopic observations do not reveal the presence 
of jogs. 

hnsell and weertman <1959} using a dislocation 
climb model suggested that ^bile dislocations climb over 
particles and are annihilated by dislocations of opposite sign 
on neighbouring parallel slip planes. At low stress the 
theory predicts an inverse relationship between creep rate and 
particle radius. While dislocation loops surround the 
precipitate, the rate controlling process is the climb of these 
loops. ®hiMi at high stresses the creep rate increases with 
particle else. 


KcLean (1962) predicted th« variation of creep rate 
witli aging period in precipitation hardened alloys* This would 
depend oa the nature of interaction of the dislocation with 
tJ^ie precipitate which It encounters during glide. This gives 
rise to four distinct cases vis.; 

i) if the particle site and hence inter- particle 
spacing is large enough to enable easy loop formation, then the 
creep behaviour is similar to that predicted by luasell and 
Weertmaa (1959) . 

ii) at small particle sites it is possible that the 
dislocation can push the particles ahead. This causes a vacancy 

imbalance at the rear and frant edge of the particle. This 

2 

predicts that creep rate is proportional to 1/r • 

iii) if the dislocations can cut through the precipitate, 
the resistance offered to cutting is proportional to the 
dislocation length in contact with precipitate which is inversely 
propotional to the separation of particles and hence tlie 
creep rate proportional to r/cl (where d is the glide distance) 
which is a content. 

iv) if at a particle size when both cutting and looping 
cannot occur, then dislocation climb may occur. Since it has 
to oliiab a length r, and then glide over a distance d, creep 
rate is proportional to d/r, which is a constant. 

These mechanisms suggest that the creep rate first 
decreases, remains constant and then increases with aging 
time. This has been verified experimentally by Slnghal and 
Martin (1967) . 



Ifl th# pr»s«at worX It haa att«ropt 4 ^d to 

quaiitatlwsly piroi^ose a iRodcl to assoas cra«p rates in materials 
where looping around precipitates occur. 

I» , 3 Present Model 

The basic assus^tion of this Tiiodel is that the 
tensile stress is equal to twice th# critical stress to cause 
ftowing • 

Case (i) • When only one loop forms 

Gb 

'X . q: • la {45> 

'"1 2 7^ L Tq 

where L *» 2R^ «* 2rg. Fr<m tiie above equality,! can be 
calculated. Knowing l.,the right radius at which ane loop can 
just form is obtained, (since volume fraction is known) . 

The rate of shrinkage of a single loop of this radius is 
calculated from the velocity equation, 

- D 

V » V* exp I — — • ) (46) 

where is the line tension. 

Case (ii). When two loops oen just form 

Th 9 diameters of the second loops for different 
particle sites are oalouleted from given experimental .‘creep 
stress. The second loop is assumed to form for s particle 
site at which ! for the two loop case is equal to L of th# 
one loop case, Wow for this particle site the velocity of the 



ittoftr n^ost loop is corsput^d usinq th? equat.ioii« 

“* D 

V - V* ®xp I - — J (47) 

wft*r« is strssa dae to th« sscoad loop oa th« first 
glv«fl by eqa, (27), ‘ 

Til* saaie procadura is adoptad for tha 3*“^, 4^ aad 

loops » 

Th« abriskaga rat# of th« inaar most loop is now- 
detarmiaad at differaat stagaa of shriakago aad thus th« total 
tim# to collaps* is astimataa. It Is assumed that this 
shriakage time for th« iaaar most loop is also th» tin* tak^a 
for oa« dislooatioa to travel from oae particle to th# aext. 
Th« creep rate is aow given by. 

Creep rate • ^ b v (4») 

f being the mob 41 « dislocation density, v which is velocity 
of the dislocation in moving from one particle to the other 
is now, 

distance between precipitates 

V » {4») 

time for shrinkage of the inner loop 

This approach can also be used to estimate the 
stress dependence (n) of creep rate 
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where £, is the creep rate ic shear, 't the shear stress. 
This approach does JCkot oonaider the effect of 
straight dislooatioas. 


% 



U yM «m pmpMti te «ti« WH* pvtiMis tmt9tmmm$ 

rn m m ftmi mi pmtM^ wiim 

« VffWmMHP PPPiil®l IMr ii^WMMIMI ■il flWMi 

Milt to tKttat toHiiy to to* l at pw F pntf*!* sto* fwph 
i* fit tMtoto «f tot fitoi ttoto tott ptti totot mm iwitotto 
wtoM* to ttoptotl to ttot «f toiif * 

l^toUHiitiiit' ^iiiito imiitoitoi iitototoiitoitoiiitototo lytoHH totaMiilit t Ajtoto i . 

^Nt Jiiltol|Pinini'iWli|p fPtoJPHIHtop «iPPtotoiPPto toto pwtoto»|p4lwtowWtol Wto^fto toanwvtoto^ iPtoitoHli 

to Mto tot ftoM toitoi pitttolt atm amm to 
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to* totitoi tf $«*to^toto fmtkdm if tliiMMtoMW* 

dm to* l igto* *toii tottotoiQ toftt to tot i tpi iil*|t «*f it 
totvilittol to to* ftto to«l ito tiil * *'ttl**t tot* to tot 
Nto*** iWtttto**# tol* iMtoi t MHto ttftltoAi PMNt** 

?• to* ftMlto if to* ttttm itl ttoll t t iitii toifetit totl 

to* tito tofit^ to tot** iltoto •■* to vtollf *ttottotoi 

to tot Itttostti ********* 

8* Stttos wma «ptiii to*t* tot* pmmd to hm Mnniittl* tot 

ttott ttoitlftto. 
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APPEhl>IX-l 


Caiculatioas for th® loop velocity aadi Fraak-B#ad stress 

for particle radius of 4£>0 A*. 

Radius of first loop •» 490 A* 

T'q • Critical stress to form first loop 
1 

* " • " secoad loop 

%, - *• " • third loop 

7 I • * " " fourth loop 

®4 

Lisa tessiofi at 490 A* » 19.6 Kg/mm^ 


2R 


^ •> laterparticlft spacing 


^11 * of the first loop when fjypg • 280 ergs/cm 


V12 


^3 


'14 


'APB 

'^APB 


APB 


24Cl 

208 

160 


T • Applied shear stress 
“ radius of second loop 
« radius of third loop 


«> radius of fourth loop 


Mhen only one loop is present it does not shrink for all 
^APB values and » 7,03 Kg/mm^, 2R^ • 3240 A*. 



(Kg/tnm ) 

(Kg/ami^) 

^2 

(A*) 

ni 

(cn/ssc) 

^12 ^13 

(cm/ (cm/ 

S9C) s«o) 

^14 

(CBV'SffC) 

6 

7.83 

579 

- 

* 

.187x10”® 

7 

7,81 

575 

- 

- 

;232xi0“® 

a 

7.79 

573 

« 

- 

.665x10”^ 

B 

7.78 

570 

- 

s 

.leoxio”^ 

10 

7.78 

567 

✓ 

s 

,206x10^^ 

ll 

7.74 

565 


s 

.101 

Whmo. thixd loop fonts. 

iK.g7imh 

7c3 

{Kg/BBR^) 

^1 

(cia/sec) 

^2 

(C!B/s«C) 

V 3 

(cm/sec) <cm/««c) 

6 

8.82 

- 

s 

.512x10“^ 

r 


8.74 

Ip** 

s 

.152x10“^ 

F 

8 

8.69 

- 

S 

.121 

F 

B 

8.63 

- 

.909x10”® 

.773 

P 

10 

@.S 8 

- 

,423x10”^ 

F 

F 

11 

8.63 

S 

.773x10”^ 

F 

P 
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Appeadix -1 (Coatd.) 


mittn fourth loop foras. 


t 

’ 2 
(Kg/am > 

T 

(Kg/m^) 

^1 

(cai/sec) 

^2 

(ca/s«c) 

^3 

(citi/sec) 

^3 

{em/B«c| 

6 

8.04 

S 

.982xl0~^ 

P 

P 

7 

8.66 

s 

.lOlxiO*^ 

P 

P 

$ 

8. 52 

s 

.987xl0~^ 

P 

F 

9 

8.38 

.124x10'"'^ 

.772 

P 

P 

10 

8.26 

.378x10”^ 

P 

P 

F 

11 

8.15 

.225x10’*^ 

F 

P 

P 
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APPtNL*Ii.-'2 


Shrlakag# of a loop of radius 250 h* 


Xioop Radius (A*) 

Velocity (ci»/sec) 

l*im« to shrisk to 

50 A* (secs) 

250 

.312x10*"^ 

6xl0~® 

200 

.981x10^ 

5.1x10*“® 

150 

.336x10^ 

1.49x10"^*^ 

100 

.242x10^ 

2,07x10*“^^ 


^us it is sssB that at radius balow 200 A* the 
loop ahrioks very rapidly and hmacm the ti»e isvolved is 
very snail. la oaloulatiag the shriakage rate of the first 
loop, it is assumed that till the first loop shrlaks oo aev 
loop forms. 
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APPJLNOIX~3 


Data 0 a •ffectlve, iatf^rfial and applied stresses 
as a function of strain 


Sani^le 

Aued at 

Strain 

Applied 

Internal 

Effective 

Terrp . 

firoi 

(percent) 

‘ stress 

stress. 

stress. 

(•C) 

(Urs.) 

(Mg/mT) 

(Kg/Bwn"^) 

(Kg/insn'^) 



2.ao 

53.758 

52.4 

1.358 



4.10 

61.4 

59.77 

1.63 



5.00 

64.45 

62.68 

1.77 



S.OO 

71.1 

69.2 

1.9 

67 S 

20 

9 ', 5 

75.4 

73.5 

1.9 



10.5 

77.9 

75.73 

2.17 



11.5 

80.3 

78.13 

2.17 



13.2 

85.1 

82.0 

3.1 



2.50 

50.6 

48.97 

1.63 



3.20 

58.5 

56,7 

1.8 

675 

125 

3.90 

62.45 

60.2 

2.25 



5.60 

69.1 

66.5 

2.6 



0.71 

40.26 

39.0 

1.26 



1.40 

63.80 

62.4 

X .4 

675 

550 

2.70 

75,8 

74.0 

1,8 



5.1 

85.5 

83.0 

2.5 



6.9 

91.3 

88.8 

2.5 



1.5 

50.85 

49.6 

1.25 



1.7 

51.595 

50.1 

1.495 

725 

4 

3.9 

59.73 

58.1 

1.63 



6.1 

65.32 

63.15 

2.17 



9.1 

71.57 

69.15 

2.42 



0.3 

35.69 

34.205 

1.485 



1.00 

50.6 

48.95 

1,65 

725 

30 

1.90 

57.86 

55.8 

2.06 


2.6 

60.71 

58.23 

2.48 



3.8 

64.93 

62.45 

2.48 



10.1 

81.99 

78.55 

3.44 
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ftpp#odiX“3 (Contd*) 




0.45 

38.42 

35.58 

0,84 



2.10 

58.08 

57.4 

1.68 

725 

200 

3.5 

64.2 

62.1 

2.1 



0.3 

72.35 

69.8 

2. 55 



8.5 

79.8 

76.5 

3.3 



2.5 

49.19 

46.81 

2.38 



3.5 

56.7 

53,9 

2.8 

750 

1000 

5.0 

63.7 

60.9 

2.8 



8.1 

73,29 

69.65 

3.64 


3.15 

51.9 

49.9 

2.0 

5.8 

61.3 

58.8 

2.5 

9.12 

68. 3 

65.5 

2.8 

16.32 

79.1 

75.59 

3.51 


7 S 0 


200 
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APPEKi;jlX-4 

Strsia rat* cyciiag data on a saaplo agc^tl at 725*C for 30 hours 
Symiuols us«a t 

^ 2 ^ * initial cross baad spssd 

^ « iaor<iasftd cross head spssd 

Pj^ >■ load at iaitial strain rat# 

«• load at iaoreasad strala rata 

m *• di sloes tioA vaiocity strass sxposaat 
1 

m • Ala 6/ A lo'^ 
fjr* • affactiv* strass 
Tjj^ • lataraal strass 
7^ » applied stress 


Strain 

(pet) 

AP 

(Kg) 

iog ** 2/^1 

m 

7* 


^i 

2«4fi4 

2 

0.004 

99.28 

44.4 

59.6 

15,1 

3.74 

2 

0.0030 

104.4 

44.4 

63.4 

19.0 

3.97 

2 

0.0033 

113.4 

44.4 

68.1 

23.7 

S.3 

2 

0.0034 

110.8 

44.4 

72.0 

27.6 

19.07 

2 

0.0033 

120.3 

44.4 

74.55 

30.15 

12.92 

2 

O.0032 

124.1 

44.4 

77.6 

33.2 


From a plot of m vs, strain, m* is obtained by 
ejttrapolatiag to aero strain, is* in this c&ae turns out 
to be as *5. 







APPENDIX- 6 


Separatloa of partiala as oDtalD«<l by th* modi f tad 
dyaamio thaory (praaaat work) • 

CoAstants usadi 



2 

• 15 «rga/om 

. 2 

Vp - - 200 erga/om 


* 30 A* 

2Rj,- 140 A* 


2 

«> 280 •rga/cm 

dx - 150 A* 


« 2.52x10® om/8®c 

Dhj » 475 ergs/om^ 

B 

p 

«■ 867 arcs/cm^ 

'7'to - SS* 


cos f/Z • .2472 

P 


f - 151.4 



14.3 


laitiaX coatact langth •» 

25 A* 

d m 

p 

distaaca betw««n trailing aad laadiag partial 


ia coatact with precipitata 

% - 

distaaca batwaan trailing aad fra* aogmant of 


the leading partial 



dp (A*) 

(A*) 


86.8 

88.8 


19.34 

45.3 


19.34 

65.3 


29.34 

50.3 


10,5 

40,1 


It is saan that dissociation occurs undar thasa condlti 



